Introduction {#sec1}
============

Ubiquitous in the higher and lower order of life forms,^[@ref1]−[@ref4]^ purple acid phosphatases (PAPs) are nonspecific phosphomonoesterases containing a hetero-dinuclear M(II)--Fe(III) \[M(II) = Fe, Zn, and Mn\] type metal core in their active sites.^[@ref5]−[@ref10]^ The enzyme is distinguishable from other acid phosphatases by their purple coloration that arises from a tyrosinate-to-Fe(III) charge transfer transition observed at ca. 560 nm in their native forms.^[@ref3],[@ref11]^ The hetero-dinuclear M(II)--Fe(III) \[M(II) = Fe, Zn, and Mn\] core in the active site of the PAP enzyme is stabilized by seven amino acid residues, of which a tyrosine, histidine, and monodentate aspartate residue stabilizes the Fe(III) center, while two histidine residues and an asparagine residue stabilize the M(II) center, and a seventh amino acid residue, namely an aspartate moiety, bridges the two metal centers.^[@ref12]^

In its active state, the hetero-bimetallic core of the enzyme contains a M(II)-bound terminal aqua \[M(II)--H~2~O\] moiety and a Fe(III)-bound terminal hydroxo \[Fe(III)--OH\] moiety and a bridging hydroxo \[M(II)--(μ-OH)--Fe(III)\] moiety between them.^[@ref8],[@ref10]^ The enzymatic catalysis proceeds by the activation of the phosphoester substrate by the binding of its P-donor site to the divalent metal M(II) ion by replacing the coordinated H~2~O molecule. Subsequent nucleophilic attack by the terminal hydroxo \[Fe(III)--OH\] moiety onto the metal bound P-atom of the phosphoester substrate leads to the hydrolysis of the phosphoester bond.^[@ref2],[@ref3]^ Another pathway involving the nucleophilic attack by the bridging hydroxo \[M(II)--(μ-OH)--Fe(III)\] moiety has also been proposed for some PAP enzyme activity.^[@ref5],[@ref13],[@ref14]^

Extensive modeling studies have been performed on PAP^[@ref15]−[@ref17]^ with several symmetrical^[@ref18]−[@ref21]^ and unsymmetrical ligand scaffolds.^[@ref22]−[@ref27]^ A primary challenge in designing such a ligand framework lies in achieving the selectivity in binding the two metal ions at their respective sites and also in preventing the disproportion of metal ions.^[@ref19],[@ref28],[@ref29]^

In particular, the variation of N/O donor functionalities yielded several binucleating ligands containing {\[N~3~O\], \[N~3~O\]},^[@ref25],[@ref30],[@ref31]^ {\[N~3~O\], \[N~2~O~2~\]},^[@ref32]−[@ref42]^ {\[N~3~O\], \[NO~3~\]},^[@ref43],[@ref44]^ {\[N~3~O\], \[N~2~O\]},^[@ref26]^ {\[N~2~O~2~\], \[NO~3~\]},^[@ref24]^ and {\[N~2~O~2~\], \[N~2~O\]}^[@ref45]−[@ref47]^ donor sites that successfully stabilized a large number of hetero-dinuclear M(II)--M′(III) \[M(II) = Fe(II), Mn(II), Zn(II), Cu(II), Co(II), and Ni(II) and M′(III) = Fe(III) and Ga(III)\] cores mimicking the PAP enzyme active site. Of these, notable are the {\[N~3~O\], \[N~2~O~2~\]} ligand systems containing Zn(II)--Fe(III),^[@ref18],[@ref35],[@ref39]^ Co(II)--Fe(III),^[@ref32],[@ref34]^ Cu(II)--Fe(III),^[@ref33],[@ref36]^ Mn(II)--Fe(III),^[@ref38]^ and Ni(II)--Fe(III)^[@ref37]^ cores and the {\[N~2~O~2~\], \[N~2~O\]} ligand systems containing Zn(II)--Fe(III), Co(II)--Fe(III), Mn(II)--Fe(III), and Ni(II)--Fe(III)^[@ref45]−[@ref47]^ cores that exhibited high PAP activities. In this regard, it is noteworthy that although a great amount of studies has been performed with these PAP model complexes using electronic spectroscopy, electron paramagnetic resonance (EPR), and X-ray crystallography,^[@ref2],[@ref3]^ providing significant insights into the catalysis mechanism, mass spectrometric detection of the catalysis intermediates has not been performed thus far, and hence we decided to explore the same in our PAP modeling study.

With one of our interest being in designing small-molecule synthetic analogues of a variety of metalloenzymes, namely catechol oxidase,^[@ref48]^ catechol dioxygenase,^[@ref49]^ and galactose oxidase,^[@ref50]^ we became interested in constructing model complexes of the more intriguing active site of the PAP enzyme that contained a more challenging mixed valent hetero-bimetallic M(II)--Fe(III) \[M(II) = Fe, Zn, and Mn\] core. For this purpose, we intended to employ an unsymmetrical \[N~6~O\] ligand containing a phenolate moiety capable of bridging the two metal centers, and one imidazoyl, one pyridyl, and an N-amine for stabilizing the Fe(III) center, and two pyridyl and an N-amine for stabilizing the M(II) center.

Here, in this manuscript, we report a series of mixed valence hetero-dinuclear complexes of the type {L\[M^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] supported over a new unsymmetrical \[N~6~O\] ligand framework as small-molecule functional mimics of the PAP enzyme ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Dinuclear {L\[M^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ type complexes **3**(**a--b**) and **4**(**a--b**) supported over unsymmetrical \[N~6~O\] ligand **2**.](ao-2017-006718_0002){#fig1}

Results and Discussion {#sec2}
======================

The ligand framework, namely 2-{\[bis(2-methylpyridyl)amino\]methyl}-6-{\[((1-methylimidazol-2-yl)methyl)(2-pyridylmethyl)amino\]methyl}-4-*t*-butylphenol (HL) (**2**) was synthesized using a modified procedure reported ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref40]^ In particular, it was constructed from two subunits, which were joined to obtain the desired ligand (**2**). First, sidearm **1a** was constructed by the reaction of 2-(chloromethyl)-6-carbaldehyde-4-*t*-butylphenol and bis(2-pyridylmethyl)amine in the presence of Et~3~N following a sequence of reactions, and the subsequent reduction of **1a** with NaBH~4~ yielded ligand fragment **1b**. The reaction of **1b** with (1-methylimidazol-2-ylmethyl)(pyrid-2-ylmethyl)-amine in the presence of SOCl~2~ and NEt~3~ finally gave ligand (**2**).

![Synthesis of Unsymmetrical \[N~6~O\] Ligand **2**](ao-2017-006718_0010){#sch1}

The dinuclear M(II)--Fe(III) type complexes of the formulation {L\[M^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] were synthesized from the Fe(ClO~4~)~3~·*X*H~2~O precursor, chosen for the Fe(III) site, and from the two sources of metal salts, M(ClO~4~)~2~·6H~2~O (M = Zn and Ni) and M(OAc)~2~·*X*H~2~O (M = Co, *X* = 4 and M = Cu, *X* = 1), similarly chosen for the other M(II) site ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). In particular, the sequential reaction of ligand (**2**) with Fe(ClO~4~)~3~·*X*H~2~O and M(ClO~4~)~2~·6H~2~O (M = Zn and Ni) in the presence of NaOAc gave dinuclear Zn(II)--Fe(III) complex (**3a**) and dinuclear Ni(II)--Fe(III) complex (**3b**). Similarly, the sequential reaction of ligand (**2**) with Fe(ClO~4~)~3~·*X*H~2~O and M(OAc)~2~·*X*H~2~O (M = Co, *X* = 4 and M = Cu, *X* = 1) in the presence of NaOAc gave dinuclear Co(II)--Fe(III) complex (**4a**) and dinuclear Cu(II)--Fe(III) complex (**4b**).

![Synthesis of the Dinuclear {L\[M^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] Type Complexes Supported over Unsymmetrical \[N~6~O\] Ligand **2**](ao-2017-006718_0011){#sch2}

The electronic spectroscopy studies of the **3**(**a--b**) and **4**(**a--b**) complexes recorded in CH~3~CN showed two ligand-based transitions occurring at ca. 208--215 and 250--254 nm and a ligand-to-metal charge transfer (LMCT) transition appearing at ca. 518--559 nm (ε = 792--941 M^--1^ cm^--1^)^[@ref40]^ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00671/suppl_file/ao7b00671_si_001.pdf) Figures S20, S24, S25, S86, S87, S147, S148, S209, and S210). The LMCT transition at ca. 518--559 nm (ε = 792--941 M^--1^ cm^--1^) is consistent with the tyrosine-to-Fe(III) charge transfer transition at ca. 546 nm (ε = 2000 M^--1^ cm^--1^) in the PAP enzyme.^[@ref1],[@ref51]^

###### Electronic Spectral Data for **2**, **3**(**a--b**) and **4**(**a--b**) in CH~3~CN at Room Temperature

  s\. no.   metal complex                λ~max~ (nm)   ε (10^4^ M^--1^ cm^--1^)   transitions
  --------- ---------------------------- ------------- -------------------------- -------------
  1         **2**                        208           2.47                        
                                         262           0.765                       
                                         283           0.288                       
  2         **3a** \[Zn(II)--Fe(III)\]   209           3.02                        
                                         253           1.58                        
                                         545           0.088                      LMCT
  3         **3b** \[Ni(II)--Fe(III)\]   209           3.04                        
                                         250           1.49                        
                                         559           0.083                      LMCT
  4         **4a** \[Co(II)--Fe(III)\]   210           3.08                        
                                         252           1.57                        
                                         553           0.094                      LMCT
  5         **4b** \[Cu(II)--Fe(III)\]   215           3.59                        
                                         254           2.34                        
                                         518           0.079                      LMCT

All of the **3**(**a--b**) and **4**(**a--b**) complexes were structurally characterized by single-crystal X-ray diffraction studies ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}--[5](#fig5){ref-type="fig"}), which confirmed their heteronuclear bimetallic nature, with two hexacoordinated metal centers being bridged by a O-phenolate moiety and by the O-carboxylate groups of two acetate ligands. Indeed, the infrared (IR) spectrum of the **3**(**a--b**) and **4**(**a--b**) complexes showed a symmetrical C--O stretching band at ca. 1606 cm^--1^ and an unsymmetrical C--O stretching band at ca. 1412 cm^--1^ with a difference of ca. 187 cm^--1^ between the two stretching frequencies, in agreement with those of the reported ionic carboxylate moieties bridging the two metal centers.^[@ref46]^ The overall coordination environments in these two distorted octahedral sites are of the \[N~3~O~3~\] type, with the hard Fe(III) metal center attached to a tertiary amine-N, a pyridyl-N, and a terminal imidazol-N atom while the soft M(II) \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] center remains coordinated to a tertiary amine-N and two pyridyl-N atoms of the bis-picolylamine ligand fragment.

![Oak Ridge thermal ellipsoid plot (ORTEP) of **3a** with thermal ellipsoids are shown at the 50% probability level. Two ClO~4~^--^ anions have been omitted for the sake of clarity. Selected bond lengths (Å) and angles (deg): Zn1--O14 2.010(4), Zn1--O10 2.091(3), Zn1--O11 2.111(4), Zn1--N1 2.111(5), Zn1--N2 2.149(5), Zn1--N5 2.202(5), Fe1--O13 1.957(4), Fe1--O10 1.982(4), Fe1--O12 2.023(4), Fe1--N4 2.093(5), Fe1--N6 2.205(5), Fe1--N3 2.124(5), and Fe1--O10--Zn1 113.86(16).](ao-2017-006718_0003){#fig2}

![ORTEP of **3b** with thermal ellipsoids are shown at the 50% probability level. Two ClO~4~^--^ anions have been omitted for the sake of clarity. Selected bond lengths (Å) and angles (deg): N1--Fe1 2.121(7), N3--Fe1 2.113(8), N7--Fe1 2.176(8), O1--Fe1 1.984(6), O2--Fe1 2.020(7), O3--Fe1 1.989(7), N4--Ni1 2.099(9), N5--Ni1 2.104(8), N6--Ni1 2.155(8), O1--Ni1 2.033(6), O4--Ni1 2.023(7), O5--Ni1 2.079(6), and Fe1--O1--Ni1 115.8(3).](ao-2017-006718_0004){#fig3}

![ORTEP of **4a** with thermal ellipsoids are shown at the 50% probability level. Two ClO~4~^--^ anions have been omitted for the sake of clarity. Selected bond lengths (Å) and angles (deg): Co1--O5 2.046(4), Co1--O2 2.024(4), Co1--O4 2.099(4), Co1--N1 2.178(5), Co1--N2 2.131(5), Co1--N3 2.125(5), Fe1--O5 1.971(4), Fe1--O1 2.001(4), Fe1--O3 1.954(4), Fe1--N4 2.162(4), Fe1--N5 2.106(5), Fe1--N7 2.076(5), and Fe1--O5--Co1 116.11(17).](ao-2017-006718_0005){#fig4}

![ORTEP of **4b** with thermal ellipsoids are shown at the 50% probability level. Two ClO~4~^--^ anions have been omitted for the sake of clarity. Selected bond lengths (Å) and angles (°): N1−Cu1 2.220(7), N2−Cu1 2.096(7), N3−Cu1 2.060(7), N4−Fe1 2.130(6), N5−Fe1 2.201(6), N6−Fe1 2.135(7), O1−Fe1 1.973(5), O1−Cu1 2.028(5), O2−Cu1 1.969(7), O3−Fe1 2.051(6), O4−Fe1 1.933(5), O5−Cu1 2.317(6), and Fe1−O1−Cu1 118.1(2).](ao-2017-006718_0006){#fig5}

###### X-ray Crystallographic Data for **3a**, **3b**, **4a**, and **4b**

  ---------------------------------------- ----------------------------------- ----------------------------------- ----------------------------------- -----------------------------------
  compound                                 **3a**                              **3b**                              **4a**                              **4b**
  lattice                                  monoclinic                          monoclinic                          monoclinic                          monoclinic
  empirical formula                        C~39~H~46~Cl~2~ZnFeN~7~O~13~        C~41~H~49~Cl~2~NiFeN~8~O~13~        C~41~H~49~Cl~2~CoFeN~8~O~13~        C~41~H~49~Cl~2~CuFeN~8~O~13~
  formula weight                           1012.95                             1047.34                             1047.56                             1052.17
  crystal size (mm^3^)                     0.460 × 0.290 × 0.270               0.210 × 0.180 × 0.140               0.160 × 0.160 × 0.070               0.360 × 0.150 × 0.040
  space group                              *P*2~1~/*n*                         *P*2~1~/*n*                         *P*2~1~/*n*~1~                      *P*2~1~/*n*
  *a*/Å                                    12.401(3)                           12.363(4)                           12.317(3)                           12.458(6)
  *b*/Å                                    22.094(5)                           22.230(8)                           22.210(5)                           22.239(11)
  *c*/Å                                    16.291(4)                           16.632(6)                           16.599(4)                           16.603(8)
  α/deg                                    90                                  90                                  90                                  90
  β/deg                                    94.222(3)                           94.878(6)                           95.223(3)                           94.661(9)
  γ/deg                                    90                                  90                                  90                                  90
  *V*/Å^3^                                 4451.4(18)                          4554(3)                             4522.0(19)                          4585(4)
  *Z*                                      4                                   4                                   4                                   4
  temperature (K)                          100(2)                              100(2)                              100(2)                              100(2)
  radiation (λ, Å)                         0.71070                             0.71075                             0.71070                             0.71070
  ρ(calcd), g cm^--3^                      1.511                               1.527                               1.539                               1.524
  absorption coefficient (mm^--1^)         1.055                               0.922                               0.879                               0.969
  θ range (deg)                            3.037--25.000                       3.011--24.999                       3.015--24.999                       3.011--24.999
  reflections collected                    61 051                              36 697                              44 356                              24 712
  data/restraints/parameters               7822/44/587                         8010/64/621                         7969/24/615                         8054/10/618
  independent reflections \[*R*~int~\]     7822 \[0.0777\]                     8010 \[0.1412\]                     7969 \[0.0674\]                     8054 \[0.0737\]
  completeness to θ = 25.000               99.7%                               99.7%                               99.8%                               99.7%
  final *R* indices \[*I* \> 2(σ)\]        *R*~1~ = 0.0769, w*R*~2~ = 0.1812   *R*~1~ = 0.1198, w*R*~2~ = 0.2504   *R*~1~ = 0.0870, w*R*~2~ = 0.1961   *R*~1~ = 0.0905, w*R*~2~ = 0.2081
  *R* indices (all data)                   *R*~1~ = 0.0794, w*R*~2~ = 0.1838   *R*~1~ = 0.1337, w*R*~2~ = 0.2590   *R*~1~ = 0.0934, w*R*~2~ = 0.2006   *R*~1~ = 0.1175, w*R*~2~ = 0.2282
  GOF                                      1.113                               1.213                               1.114                               1.087
  largest diff. peak and hole (e Å^--3^)   2.352 and −0.954                    2.186 and −0.824                    3.114 and −1.084                    1.328 and −1.019
  ---------------------------------------- ----------------------------------- ----------------------------------- ----------------------------------- -----------------------------------

Further verification of the hetero-dinuclear M(II)--Fe(III) core came from the inductively coupled plasma atomic emission spectroscopy (ICPAES) data of the **3**(**a--b**) and **4**(**a--b**) complexes that gave Fe(III)/M(II) \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] ratios of ca. 1:1, consistent with the X-ray data ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}).

###### ICPAES Data for **3**(**a--b**) and **4**(**a--b**)

  s\. no.   metal complex                M(II) (ppm)   Fe(III) (ppm)
  --------- ---------------------------- ------------- ---------------
  1         **3a** \[Zn(II)--Fe(III)\]   7.09          7.08
  2         **3b** \[Ni(II)--Fe(III)\]   5.97          7.09
  3         **4a** \[Co(II)--Fe(III)\]   7.97          7.15
  4         **4b** \[Cu(II)--Fe(III)\]   7.03          7.80

Of particular interest is the M···M distance in these binuclear **3**(**a--b**) and **4**(**a--b**) complexes because the same in the native enzyme contributes to the observed antiferromagnetic coupling between the two metal centers.^[@ref1]^ In this regard, the M···M distance of 3.415(12) Å between the Fe···Zn centers in **3a**, 3.404(21) Å between the Fe···Ni centers in **3b**, 3.409(13) Å between the Fe···Co centers in **4a**, and 3.431(19) Å between the Fe···Cu centers in **4b** are slightly longer than the binuclear M···M distance of 3.1 Å between the Fe···Zn centers in the red kidney bean purple acid phosphatase^[@ref10]^ and 3.31 Å between the Fe···Fe centers in the mammalian purple acid phosphatase.^[@ref7]^ The slightly longer M···M distances \[3.404(21)--3.431(19) Å\] in the **3**(**a--b**) and **4**(**a--b**) complexes can be attributed to the presence of two bridging acetate moieties present between the two metal centers compared to one hydroxide moiety bridging the two metal centers in the enzyme active site.^[@ref7],[@ref10]^

To gain insight into the nature of the interaction prevalent between the two metal centers in these dinuclear PAP enzyme models, detailed magnetic property studies were performed on the **3**(**a--b**) and **4**(**a--b**) complexes. In particular, the magnetic susceptibility measurements were carried out on the complexes at a magnetic field of 5000 Oe in the temperature range of 4--300 K, and the data so obtained were fitted using PHI software.^[@ref52]^ It must be noted that weak antiferromagnetic couplings were obtained in all of the complexes except for **3a** that contained only one magnetically active metal ion ([Tables [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [5](#tbl5){ref-type="other"} and [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00671/suppl_file/ao7b00671_si_001.pdf) Figures S26--S28, S88--S90, S149--S151, and S211--S213).

![Overlay of the variable temperature χ~M~*T* plot of the powder sample of {L\[M^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] measured at 5000 Oe (the solid line represents the best fit curve).](ao-2017-006718_0007){#fig6}

###### Magnetic Data for **3**(**a--b**) and **4**(**a--b**) at 300 K

  s\. no.   metal complex                *g*~Fe(III)~   *g*~M(II)~   *J* (cm^--1^)   temperature independent paramagnetism (10^--3^ cm^3^ mol^--1^)   magnetic impurity (%)
  --------- ---------------------------- -------------- ------------ --------------- ---------------------------------------------------------------- -----------------------
  1         **3a** \[Zn(II)--Fe(III)\]   1.96                                        0.53                                                             6.64 × 10^--5^
  2         **3b** \[Ni(II)--Fe(III)\]   2.24           1.99         --11.51         6.40                                                             0.419
  3         **4a** \[Co(II)--Fe(III)\]   2.01           1.98         --3.82          1.83                                                             0.542
  4         **4b** \[Cu(II)--Fe(III)\]   1.98           2.00         --24.06         7.83                                                             0.402

###### Magnetic Data for **3**(**a--b**) and **4**(**a--b**) at 300 K

  s\. no.   metal complex                obs. χ~M~*T* (cm^3^ mol^--1^ K)   χ~M~ (cm^3^ mol^--1^)   1/χ~M~ (cm^--3^ mol)   μ~s~ (μ~B~)   μ~s+l~ (μ~B~)   obs. μ~eff~ (μ~B~)
  --------- ---------------------------- --------------------------------- ----------------------- ---------------------- ------------- --------------- --------------------
  1         **3a** \[Zn(II)--Fe(III)\]   4.39                              1.46 × 10^--2^          68.27                  5.93                          5.95
  2         **3b** \[Ni(II)--Fe(III)\]   5.21                              1.74 × 10^--2^          57.54                  8.76          8.66            6.50
  3         **4a** \[Co(II)--Fe(III)\]   5.22                              1.74 × 10^--2^          57.49                  9.81          9.59            6.49
  4         **4b** \[Cu(II)--Fe(III)\]   4.65                              1.56 × 10^--2^          64.27                  6.20          6.20            6.12

Specifically, dinuclear Zn(II)--Fe(III) complex **3a** showed an effective magnetic moment (μ~eff~) of 5.95μ~B~ consistent with only one magnetically active center in the form of high-spin Fe(III) (*S* = 5/2) having five unpaired electrons (μ~s~ = 5.9μ~B~).^[@ref53]^ The variable temperature magnetic susceptibility measurement gave a constant χ~M~*T* value of 4.39 cm^3^ mol^--1^ K as a function of temperature with a *g*~Fe~ value of 1.96 as obtained after fitting with PHI software ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).

The dinuclear Ni(II)--Fe(III) core in **3b** with two unpaired electrons on the Ni(II) (*S* = 1) center and five unpaired electrons on the high-spin Fe(III) (*S* = 5/2) center gave an effective magnetic moment (μ~eff~) of 6.50μ~B~ at room temperature in agreement with a weak antiferromagnetic coupling between the Ni(II) and Fe(III) centers. Further substantiation came from the variable temperature χ~M~*T* plot, which showed a decrease of the χ~M~*T* value with decreasing temperature, arising from the antiferromagnetic coupling between the Ni(II) and Fe(III) centers ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The curve fitting analysis using the PHI software gave *g* values of *g*~Ni~ = 1.99 and *g*~Fe~ = 2.24 and an exchange coupling *J* = −11.5 cm^--1^ comparable to the earlier observed ranges of *g*~Ni~ (2.11--2.19) and *g*~Fe~ (1.96--2.0) and the exchange coupling in the range of *J* \[−(11.2--13.7) cm^--1^\] for related dinuclear Ni(II)--Fe(III) complexes known in the literature.^[@ref46],[@ref54],[@ref55]^

The hetero-dinuclear Co(II)--Fe(III) **4a** complex, which too contained a high-spin Co(II) (*S* = 3/2) center and a high-spin Fe(III) (*S* = 5/2) center having three and five unpaired electrons, respectively, exhibited an antiferromagnetic coupling, as evident from the observed effective magnetic moment (μ~eff~) of 6.49μ~B~ at room temperature. The variable temperature μ~eff~ plot showed the familiar decrease of μ~eff~ with the declining temperature up to 4.24μ~B~ at 4 K, in concurrence with the antiferromagnetic behavior of the complex. The curve fitting of the variable temperature χ~M~*T* plot gave *g* values of *g*~Co~ = 1.98 and *g*~Fe~ = 2.01 and an exchange coupling of *J* = −3.82 cm^--1^ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), which too are in good agreement with the earlier observed ranges of *g*~Co~ (1.92--2.10) and *g*~Fe~ (2.00--2.09)^[@ref34],[@ref46]^ and the exchange coupling in the range of *J* \[−(5.0--6.0) cm^--1^\] for related high-spin Co(II)--Fe(III) complexes known in the literature.^[@ref34],[@ref46],[@ref56]^

Last, complex **4b** containing a Cu(II)--Fe(III) core showed even a weaker antiferromagnetic coupling between the Cu(II) (*S* = 1/2) and high-spin Fe(III) (*S* = 5/2) centers containing one and five unpaired electrons, respectively, and exhibited an effective magnetic moment (μ~eff~) of 6.12μ~B~ at room temperature. The variable temperature χ~M~*T* plot showed a decrease in the χ~M~*T* value with temperature, which reaches a constant value in the region of ca. 35--4 K, with an effective magnetic moment (μ~eff~) of 4.50μ~B~ corresponding to the ground state of *S* = 2, consistent with the weak antiferromagnetic coupling between the two metal centers ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The curve fitting of the χ~M~*T* plot resulted in *g* values of *g*~Cu~ = 2.00 and *g*~Fe~ = 1.98 and an exchange coupling of *J* = −24.0 cm^--1^ and are comparable to the earlier observed values of *g*~Cu~ (1.85--2.21) and *g*~Fe~ (1.85--2.00)^[@ref44],[@ref57]^ and the exchange coupling in the range of *J* \[−(20.0--58.1) cm^--1^\] of the high-spin Cu(II)--Fe(III) complexes reported.^[@ref44],[@ref56],[@ref57]^ It is worth mentioning that the phenoxide bridge moiety mediates the exchange coupling in these dinuclear **3**(**a--b**) and **4**(**a--b**) complexes, whereas the bridging acetate plays a very small role in the magnetic property.^[@ref34]^

To obtain an insight into the various aquated species of the dinuclear metal complexes, **3**(**a--b**) and **4**(**a--b**), present in equilibrium in solution, the spectrophotometric titration experiment was undertaken under kinetic conditions in a mixed medium of CH~3~CN/H~2~O (v/v 1:1) in the pH range of ca. 5.45--7.60 ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"} and [Tables [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"} and [7](#tbl7){ref-type="other"} and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00671/suppl_file/ao7b00671_si_001.pdf) Tables S1--S3). It is noteworthy that the λ~max~ value of the characteristic LMCT band of the **3**(**a--b**) and **4**(**a--b**) complexes exhibited a hypsochromic shift from ca. 518--559 nm in CH~3~CN to ca. 496--497 nm in the mixed medium of CH~3~CN/H~2~O (v/v 1:1), in concurrence with the replacement of bridging acetate moieties in the **3**(**a--b**) and **4**(**a--b**) complexes by H~2~O molecules, thereby suggesting the presence of different aquated species of the **3**(**a--b**) and **4**(**a--b**) complexes in equilibrium.

![Equilibrium of Chemical Species in the CH~3~CN/H~2~O Solution Proposed for the Dinuclear {L\[M^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] Type Complexes Supported over Unsymmetrical \[N~6~O\] Ligand **2**](ao-2017-006718_0012){#sch3}

###### Electronic Spectrum (Column 1) in Different pH Ranges \[(a) 5.70--6.25, (b) 6.30--6.95, and (c) 7.00--7.40\] and the Corresponding Titration Plot (Column 2) Performed at 496.5 nm (LMCT Band) as a Function of pH with Incremental Additions of 0.1 M NaOH (5 μL) in the CH~3~CN/H~2~O (v/v 1:1) Solution of **3a** (6.0 × 10^--4^ M) Containing *I* = 0.1 M (KCl)

![](ao-2017-006718_0014){#gr13}

###### Spectrophotometric Titration Data of **3**(**a--b**) and **4**(**a--b**)

  s\. no.   metal complex                λ~max~ (nm)   p*K*~a~    
  --------- ---------------------------- ------------- ---------- ------
  1         **3a** \[Zn(II)--Fe(III)\]   496.5         p*K*~a1~   5.86
                                                       p*K*~a2~   6.57
                                                       p*K*~a3~   7.13
  2         **3b** \[Ni(II)--Fe(III)\]   497.5         p*K*~a1~   5.56
                                                       p*K*~a2~   6.37
                                                       p*K*~a3~   6.98
  3         **4a** \[Co(II)--Fe(III)\]   496.5         p*K*~a1~   5.66
                                                       p*K*~a2~   6.38
                                                       p*K*~a3~   7.14
  4         **4b** \[Cu(II)--Fe(III)\]   496.5         p*K*~a1~   6.05
                                                       p*K*~a2~   6.79
                                                       p*K*~a3~   7.48

Indeed, three isosbestic points were observed in the pH range of ca. 5.45--6.30, 5.85--7.15, and 6.70--7.60, consistent with the conversion of the triaquated species, {L\[(H~2~O)M^II^(μ-H~2~O)Fe^III^(H~2~O)\]}^4+^, (**3aA**), (**3bA**), (**4aA**), and (**4bA**), to the diaquated and monohydroxo species, {L\[(H~2~O)M^II^(μ-H~2~O)Fe^III^(OH)\]}^3+^, (**3aB**), (**3bB**), (**4aB**), and (**4bB**), to the monoaquated and dihydroxo species, {L\[(H~2~O)M^II^(μ-OH)Fe^III^(OH)\]}^2+^, (**3aC**), (**3bC**), (**4aC**), and (**4bC**), and finally to the trihydroxo species, {L\[(HO)M^II^(μ-OH)Fe^III^(OH)\]}^+^, (**3aD**), (**3bD**), (**4aD**), and (**4bD**), ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}), which correspond to the p*K*~a~ values of 5.56--6.05 (p*K*~a1~), 6.37--6.79 (p*K*~a2~), and 6.98--7.48 (p*K*~a3~). Significantly enough, the monoaquated and dihydroxo species of the intermediates, (**3aC**), (**3bC**), (**4aC**), and (**4bC**), and the trihydroxo species of the intermediates, (**3aD**), (**3bD**), (**4aD**), and (**4bD**), have been detected for the first time using electrospray ionization mass spectrometry (ESIMS) studies ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00671/suppl_file/ao7b00671_si_001.pdf) Figures S29, S30, S91, S92, S152, S153, S214, and S215). Of these species, the monoaquated and dihydroxo species, {L\[(H~2~O)M^II^(μ-OH)Fe^III^(OH)\]}^2+^, (**3aC**), (**3bC**), (**4aC**), and (**4bC**), displaying p*K*~a2~ of 6.37--6.79 in the pH range of ca. 5.85--7.15 are presumed to be the active species of the phosphoester cleavage reaction.^[@ref1],[@ref51]^

Indeed, all of the **3**(**a--b**) and **4**(**a--b**) complexes performed the phosphodiester cleavage of the bis(2,4-dinitrophenyl)phosphate (2,4-BDNPP) substrate in CH~3~CN/H~2~O (v/v 1:1) medium in the pH range of 5.5--10.5 at room temperature, in concurrence with the PAP enzyme-like activity ([Chart [1](#cht1){ref-type="chart"}](#cht1){ref-type="chart"} and [Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}). The hydrolysis reaction was monitored spectrophotometrically at 400 nm \[ε = 12 100 M^--1^ cm^--1^ of the 2,4-dinitrophenolate (2,4-DNP^--^) anion\] at 25 °C.^[@ref39]^

![Proposed Mechanism for the Hydrolysis of 2,4-BDNPP as Catalyzed by Dinuclear {L\[M^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] Type Complexes Supported over Unsymmetrical \[N~6~O\] Ligand **2**](ao-2017-006718_0013){#sch4}

Bell-shaped profiles spanning the pH range of 5.5--9.5 having maxima at pH 6.5 for **3a** and **4a** and at pH 7.0 for **4b** were observed analogous to that of the other related hetero-dinuclear complexes^[@ref34],[@ref36],[@ref39]^ and also to that of the PAP enzyme ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00671/suppl_file/ao7b00671_si_001.pdf) Figures S64, S187, and S249).^[@ref58]^ Sigmoidal fit to the decline part of the pH profile graph of the complexes gave p*K*~a~ values of 7.52 (**3a**), 7.24 (**4a**), and 8.03 (**4b**) ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00671/suppl_file/ao7b00671_si_001.pdf) Figures S65, S188 and S250), which are in good agreement with the p*K*~a3~ values of 7.13 (**3a**), 7.14 (**4a**), and 7.48 (**4b**) as obtained by spectrophotometric titration studies. The **3b** complex ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00671/suppl_file/ao7b00671_si_001.pdf) Figure S126), however, showed a different profile, for which the rate at pH 7.0 was taken for the saturation kinetics studies on the basis of the fact that PAPs do not show enzymatic activity in an alkaline medium.^[@ref51]^

![pH profile overlay of the initial rates for the hydrolysis of 2,4-BDNPP as catalyzed by {L\[M^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] type complexes in CH~3~CN/H~2~O (v/v 1:1).](ao-2017-006718_0008){#fig7}

As the initial rates (*V*~0~) are proportional to the concentration of the active species, the maximum value of the initial rate (*V*~0~) at a particular pH signifies the highest concentration of the active species at that pH. For the **3**(**a--b**) and **4**(**a--b**) complexes, the maximum initial rates were observed at the pH ranges that fall between p*K*~a1~ and p*K*~a2~, thereby indicating the monoaquated and dihydroxo species of the type {L\[(H~2~O)M^II^(μ-OH)Fe^III^(OH)\]}^2+^, (**3aC**), (**3bC**), (**4aC**), and (**4bC**), to be the active species analogous to that of the mammalian^[@ref58],[@ref59]^ and plant purple acid phosphatases^[@ref60]^ and to a small-molecule enzyme model consisting of a dinuclear Zn(II)--Fe(III) complex.^[@ref35],[@ref61]^

It is interesting to note that the monoaquated and dihydroxo species of the type {L\[(H~2~O)M^II^(μ-OH)Fe^III^(OH)\]}^2+^, (**3aC**), (**3bC**), (**4aC**), and (**4bC**), contains a labile M(II)--(H~2~O) moiety, which can be easily replaced by the 2,4-BDNPP substrate, after which, the other metal center consisting of a Fe(III)--(OH) moiety can partake a nucleophilic attack on the P atom of the adjacent metal-bound 2,4-BDNPP moiety. Under limiting conditions, that is, at pH lower than p*K*~a1~, the Fe(III)--(OH) moiety in {L\[(H~2~O)M^II^(μ-OH)Fe^III^(OH)\]}^2+^, (**3aC**), (**3bC**), (**4aC**), and (**4bC**) gets protonated, resulting in a decrease in the reaction rates, whereas at pH higher than p*K*~a3~, the M(II)--(H~2~O) moiety gets deprotonated, resulting in a loss of lability of the −OH moiety from the M(II) center, thereby inhibiting the 2,4-BDNPP coordination to the metal center.

Thus, the kinetics data with respect to the substrate concentration under saturation kinetics conditions were obtained at pH 6.5 for complexes **3a** and **4a** and at pH 7.0 for complexes **3b** and **4b** and fitted to the Michaelis--Menten equation. The linearization of the curves was achieved using the Lineweaver--Burk method providing the *K*~m~, *V*~max~, and *k*~cat~ parameters ([Table [8](#tbl8){ref-type="other"}](#tbl8){ref-type="other"} and [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00671/suppl_file/ao7b00671_si_001.pdf) Figures S81, S142, S204, and S266).

![Overlay of the Lineweaver--Burk plots for the hydrolysis of 2,4-BDNPP as catalyzed by {L\[M^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] type complexes in CH~3~CN/H~2~O (v/v 1:1). The solid lines represent the best fit lines.](ao-2017-006718_0009){#fig8}

###### Kinetic Parameters of Complexes **3**(**a--b**) and **4**(**a--b**)[a](#t8fn1){ref-type="table-fn"}

  s\. no.   complex                      *K*~M~ (mM)   *K*~ass~ (mM^--1^)   *V*~max~ (10^--8^ M s^--1^)   *k*~cat~ (10^--4^ s^--1^)   *k*~cat~/*K*~M~ (10^--4^ M^--1^ s^--1^)   *k*~cat~/*k*~uncat~ (10^4^)
  --------- ---------------------------- ------------- -------------------- ----------------------------- --------------------------- ----------------------------------------- -----------------------------
  1         **3a** \[Zn(II)--Fe(III)\]   0.95          1.05                 0.20                          0.40                        0.43                                      0.13
  2         **3b** \[Ni(II)--Fe(III)\]   2.70          0.37                 0.96                          1.9                         0.71                                      0.59
  3         **4a** \[Co(II)--Fe(III)\]   1.12          0.89                 0.19                          0.40                        0.36                                      0.13
  4         **4b** \[Cu(II)--Fe(III)\]   1.03          0.97                 0.07                          0.014                       0.014                                     0.004

Reaction conditions: 0.05 mM catalyst (**3a**/**3b**/**4a**/**4b**), 0.5--4.0 mM 2,4-BDNPP, and 0.05 M buffer (pH = 6.5 for **3a** and **4a** and pH = 7.0 for **3b** and **4b**) with ionic strength of 0.1 M NaClO~4~ in 2.5 mL of CH~3~CN/H~2~O (v/v 1:1) at 25 °C. *k*~uncat~ = 3.2 × 10^--8^ s^--1^.^[@ref62]^

Quite interestingly, the high *K*~ass~ values of ca. (0.37--1.06) mM^--1^ obtained from *K*~m~ (*K*~ass~ ≅ 1/*K*~m~) for the **3**(**a--b**) and **4**(**a--b**) complexes indicate a stronger affinity of the **3**(**a--b**) and **4**(**a--b**) complexes toward the 2,4-BDNPP substrate. Furthermore, the comparable *K*~m~ values for the **3**(**a--b**) and **4**(**a--b**) complexes suggest an analogous mode of interaction of these complexes with the 2,4-BDNPP substrate.

For the **3**(**a--b**) and **4**(**a--b**) complexes, the *k*~cat~ values appear in the range of ca. 1.4 × 10^--6^--1.9 × 10^--4^ s^--1^ and are smaller than the reported ones.^[@ref34],[@ref36],[@ref37],[@ref39],[@ref46]^ Under similar reaction conditions, the rate of hydrolysis of the 2,4-BDNPP substrate as catalyzed by the **3**(**a--b**) and **4**(**a--b**) complexes are ca. 40--5900 times faster than the uncatalyzed reaction,^[@ref62]^ with the **3b** complex being the most active.

On the basis of the ultraviolet--visible (UV--vis) experiments and saturated kinetics studies, a mechanism for the hydrolysis of the 2,4-BDNPP substrate by the **3**(**a--b**) and **4**(**a--b**) complexes has been proposed in [Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}.

![Hydrolysis of 2,4-BDNPP as catalyzed by dinuclear {L\[M^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] type complexes supported over unsymmetrical \[N~6~O\] ligand **2**](ao-2017-006718_0001){#cht1}

Under the experimental conditions at a pH range of ca. 5.80--7.15, the monoaquated and dihydroxo-type active species, {L\[(H~2~O)M^II^(μ-OH)Fe^III^(OH)\]}^2+^, (**3aC**), (**3bC**), (**4aC**), and (**4bC**), so formed, would react with the 2,4-BDNPP substrate with the loss of a H~2~O molecule from the metal-bound H~2~O site, \[M(II)--(H~2~O)\], yielding a metal-bound 2,4-BDNPP species of type {L\[(R~2~PO~4~)M^II^(μ-OH)Fe^III^(OH)\]}^+^, (**3aE**), (**3bE**), (**4aE**), and (**4bE**). Significantly enough, the monoaquated and dihydroxo-type active species, {L\[(H~2~O)M^II^(μ-OH)Fe^III^(OH)\]}^2+^, has been detected using mass spectrometry for representative intermediates, namely (**3aC**), (**3bC**), (**4aC**), and (**4bC**).

Subsequent intramolecular attack of the Fe(III)--(OH) moiety onto the P atom of the metal-bound 2,4-BDNPP species results in {L\[M^II^(μ-OH)(μ-RPO~4~)Fe^III^\]}^+^ type intermediates, (**3aF**), (**3bF**), (**4aF**), and (**4bF**), all of which have been detected for the first time using mass spectrometry ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00671/suppl_file/ao7b00671_si_001.pdf) S82, S143, S205, and S267). Last, the {L\[M^II^(μ-OH)(μ-RPO~4~)Fe^III^\]}^+^ type intermediates, (**3aF**), (**3bF**), (**4aF**), and (**4bF**), would react with H~2~O yielding the phosphodiester cleavage product, 2,4-DNP along with the regeneration of the {L\[(H~2~O)M^II^(μ-OH)Fe^III^(OH)\]}^2+^ type active species, (**3aC**), (**3bC**), (**4aC**), and (**4bC**).

Conclusions {#sec3}
===========

In summary, a series of mixed valence hetero-dinuclear M(II)--Fe(III) complexes of the type {L\[M^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ \[M = Zn (**3a**), Ni (**3b**), Co (**4a**), and Cu (**4b**)\] supported over an unsymmetrical \[N~6~O\] ligand has been synthesized and structurally characterized. The temperature-dependent magnetic susceptibility measurements on these complexes showed an exchange coupling in the range of *J* \[−(3.82--24.0) cm^--1^\], indicating the presence of a weak antiferromagnetic coupling between the two metal centers. All of the **3**(**a--b**) and **4**(**a--b**) complexes successfully catalyzed the hydrolysis of the 2,4-BDNPP substrate in CH~3~CN/H~2~O (v/v 1:1) medium in line with that of the native enzyme. Furthermore, the spectrophotometric and kinetic data suggested a monoaquated and dihydroxo species, {L\[(H~2~O)M^II^(μ-OH)Fe^III^(OH)\]}^2+^, (**3aC**), (**3bC**), (**4aC**), and (**4bC**) to be the catalytically active species for the hydrolysis reaction. On the basis of the mass spectrophotometric evidences, a catalytic pathway has been proposed that involves the intramolecular nucleophilic attack of an Fe(III)-bound terminally hydroxo \[Fe(III)--OH\] moiety on the P atom of the M(II)-bound substrate 2,4-BDNPP, yielding the hydrolyzed 2,4-dinitrophenol product. Finally, it can thus be concluded that the hetero-dinuclear mixed valence **3**(**a--b**) and **4**(**a--b**) complexes successfully mimic the functional aspects of the PAP enzyme.

Experimental Section {#sec4}
====================

General Procedures {#sec4-1}
------------------

All manipulations were carried out using the combination of a glovebox and standard Schlenk techniques. 2-Aminomethylpyridine, Fe(ClO~4~)~3~·*X*H~2~O, Zn(ClO~4~)~3~·6H~2~O, Ni(ClO~4~)~3~·6H~2~O, and *n*BuLi were purchased from Aldrich Chemical Co., whereas all other chemicals used were purchased from S D Fine-Chem (India) and Spectrochem (India) and were used without any further purification. Tetrahydrofuran (THF) and dimethylformamide (DMF) were dried over a Na wire and calcium hydride, respectively.^[@ref63]^ 2,6-Bis(hydroxymethyl)-4-*t*-butylphenol,^[@ref64]^ 2-(hydroxymethyl)-6-carbaldehyde-4-*t*-butylphenol,^[@ref40]^ 2-(chloromethyl)-6-carbaldehyde-4-*t*-butylphenol,^[@ref40]^ bis(2-pyridylmethyl)amine,^[@ref41]^ 1-methylimidazole-2-carbaldehyde,^[@ref65]^ (1-methylimidazol-2-ylmethyl)(pyrid-2-ylmethyl)-amine,^[@ref66]^ and 2,4-BDNPP^[@ref62]^ were synthesized according to modified literature procedures. ^1^H and ^13^C{^1^H} nuclear magnetic resonance (NMR) spectra were recorded on Bruker 400 MHz and Bruker 500 MHz NMR spectrometers, respectively. ^1^H NMR peaks are labeled as singlet (s), doublet (d), triplet (t), quartet (q), quartet-of-doublets (qd), doublet-of-doublets (dd), septet (sept), and broad (br). The electronic spectra of **3**(**a--b**) and **4**(**a--b**) complexes were recorded in CH~3~CN using a UV 3600 Shimadzu spectrophotometer. Mass spectrometry measurements were done on a Micromass Q-Tof spectrometer and a Bruker maxis impact spectrometer. Elemental analysis was carried out on a Thermo Finnigan FLASH EA 1112 SERIES (CHNS) elemental analyzer. The variable temperature magnetic experiments were executed in a SQUID-VSM magnetometer (Quantum Design, USA), and the data were fitted using PHI software.^[@ref52]^

X-ray Crystallography {#sec4-2}
---------------------

X-ray diffraction data for compounds **3**(**a--b**) and **4**(**a--b**) were collected on a Rigaku Hg 724+ diffractometer for unit cell determination and intensity data collection. The crystals diffracted weakly. Data integration and indexing were carried out using the Rigaku suite of programs, CrystalClear and CrystalStructure. Structure refinement and geometrical calculations were carried out using programs in the WinGX module.^[@ref67]^ The final structure refinement was carried out using the full least-squares method on F2 using SHELXL-2014 software.^[@ref68]^ The diffuse electron density in solvent-accessible regions that could not be modeled was handled with a routine SQUEEZE procedure of the PLATON program.^[@ref69]^ The squeezed electron density of 21.1 electrons in the solvent accessible voids per unit cell occupying a volume of 202.9 Å^3^ approximately corresponds to one water solvate per two molecules in the unit cell. The residual high-density electron density peaks near the imidazole ring could not be modeled and have been left untreated. The disordered perchlorate anions in the lattice have been modeled with PART instruction. The final refinement converged at *R*\[*I* \> 2σ(*I*)\] values of 0.0769 (**3a**), 0.1198 (**3b**), 0.0870 (**4a**), and 0.0905 (**4b**), the higher values being a result of weak diffraction data. Crystal data collection and refinement parameters are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. CCDC-990172 (for **3a**), CCDC-1420070 (for **3b**), CCDC-1403981 (for **4a**), and CCDC-1412192 (for **4b**) contain the supplementary crystallographic data for this Article. These data can be obtained free of charge from the Cambridge Crystallographic Data centre via <http://www.ccdc.cam.ac.uk/data_request/cif>.

Synthesis of 2-{\[Bis(2-methylpyridyl)amino\]methyl}-6-carbaldehyde-4-*t*-butylphenol (**1a**) {#sec4-3}
----------------------------------------------------------------------------------------------

To a solution of bis(2-pyridylmethyl)amine (3.24 g, 16.3 mmol) and NEt~3~ (4.15 g, 41.0 mmol) in THF (ca. 30 mL), a solution of 2-(chloromethyl)-6-carbaldehyde-4-*t*-butylphenol (3.72 g, 16.3 mmol) in THF (ca. 20 mL) was added, resulting in a white precipitate. The reaction mixture was then stirred overnight at room temperature, after which it was filtered, and the volatiles were removed under vacuum. The residue was further purified by column chromatography over silica gel as a stationary phase by elution with the CH~2~Cl~2~/MeOH (3:1 v/v) mixed medium to yield product **1a** as a yellow liquid (3.39 g, 53%). ^1^H NMR (CDCl~3~, 400 MHz, 25 °C): δ 10.34 (s, 1H, C~6~H~2~C*[H]{.ul}*O), 8.49 (d, 2H, ^3^*J*~HH~ = 5 Hz, 2C~5~*[H]{.ul}*~4~N), 7.56 (td, 2H, ^3^*J*~HH~ = 8 Hz, ^4^*J*~HH~ = 1 Hz, 2C~5~*[H]{.ul}*~4~N), 7.53 (d, 1H, ^4^*J*~HH~ = 2 Hz, C~6~*[H]{.ul}*~2~), 7.37 (d, 1H, ^4^*J*~HH~ = 2 Hz, C~6~*[H]{.ul}*~2~), 7.33 (d, 2H, ^3^*J*~HH~ = 8 Hz, 2C~5~*[H]{.ul}*~4~N), 7.09 (t, 2H, ^3^*J*~HH~ = 6 Hz, 2C~5~*[H]{.ul}*~4~N), 3.82 (s, 4H, 2C*[H]{.ul}*~2~), 3.74 (s, 2H, C*[H]{.ul}*~2~), 1.25 (s, 9H, C(C*[H]{.ul}*~3~)~3~). ^13^C{^1^H} NMR (CDCl~3~, 125 MHz, 25 °C): δ 192.6 (C~6~H~2~*[C]{.ul}*HO), 159.2 (*[C]{.ul}*~6~H~2~), 158.5 (2*[C]{.ul}*~5~H~4~N), 149.0 (2*[C]{.ul}*~5~H~4~N), 141.6 (*[C]{.ul}*~6~H~2~), 136.8 (2*[C]{.ul}*~5~H~4~N), 134.5 (*[C]{.ul}*~6~H~2~), 124.1 (*[C]{.ul}*~6~H~2~), 124.9 (*[C]{.ul}*~6~H~2~), 123.1 (2*[C]{.ul}*~5~H~4~N), 122.4 (2*[C]{.ul}*~5~H~4~N), 122.3 (*[C]{.ul}*~6~H~2~), 59.4 (2*[C]{.ul}*H~2~), 55.6 (*[C]{.ul}*H~2~), 34.1 (*[C]{.ul}*(CH~3~)~3~), 31.4 (C(*[C]{.ul}*H~3~)~3~). IR data (KBr pellet) (cm^--1^): 3054 (w), 2958 (s), 2866 (w), 1675 (s), 1592 (m), 1569 (w), 1480 (s), 1433 (m), 1363 (w), 1268 (w), 1218 (m), 1116 (w), 995 (w), 893 (w), 824 (w), 753 (s), 605 (w). High-resolution mass spectrometry (HRMS) (ES) *m*/*z*: 390.2178 \[M\]^+^, calcd, 390.2176.

Synthesis of 2-{\[Bis(2-methylpyridyl)amino\]methyl}-6-(hydroxymethyl)-4-*t*-butylphenol (**1b**) {#sec4-4}
-------------------------------------------------------------------------------------------------

To a solution of 2-{\[bis(2-methylpyridyl)amino\]methyl}-6-carbaldehyde-4-*t*-butylphenol (**1a**) (4.31 g, 11.1 mmol) in MeOH (ca. 50 mL), NaBH~4~ (1.27 g, 33.6 mmol) was added portion wise. The reaction mixture was stirred for 15 min at room temperature and then refluxed for another 30 min. The solution was acidified to pH 2 using concentrated HCl solution and filtered. The filtrate was evaporated under reduced pressure to obtain a residue, which was redissolved in saturated aqueous NaHCO~3~ solution (ca. 50 mL). The aqueous medium was extracted with CH~2~Cl~2~ (ca. 3 × 30 mL), dried over anhydrous Na~2~SO~4~, and filtered, and the volatiles were removed under vacuum to give a crude product. The crude product was further purified by washing with hot petroleum ether to yield product **1b** as a yellow viscous liquid (2.88 g, 67%). ^1^H NMR (CDCl~3~, 500 MHz, 25 °C): δ 8.50 (d, 2H, ^3^*J*~HH~ = 4 Hz, 2C~5~*[H]{.ul}*~4~N), 7.57 (t, 2H, ^3^*J*~HH~ = 8 Hz, 2C~5~*[H]{.ul}*~4~N), 7.29 (d, 2H, ^3^*J*~HH~ = 8 Hz, 2C~5~*[H]{.ul}*~4~N), 7.14 (d, 1H, ^4^*J*~HH~ = 2 Hz, C~6~*[H]{.ul}*~2~), 7.11 (t, 2H, ^3^*J*~HH~ = 7 Hz, 2C~5~*[H]{.ul}*~4~N), 6.96 (d, 1H, ^4^*J*~HH~ = 2 Hz, C~6~*[H]{.ul}*~2~), 4.73 (s, 2H, C*[H]{.ul}*~2~), 3.87 (s, 4H, 2C*[H]{.ul}*~2~), 3.76 (s, 2H, C*[H]{.ul}*~2~), 1.22 (s, 9H, C(C*[H]{.ul}*~3~)~3~). ^13^C{^1^H} NMR (CDCl~3~, 125 MHz, 25 °C): δ 157.9 (2*[C]{.ul}*~5~H~4~N), 153.2 (*[C]{.ul}*~6~H~2~), 148.8 (2*[C]{.ul}*~5~H~4~N), 141.4 (*[C]{.ul}*~6~H~2~), 136.9 (2*[C]{.ul}*~5~H~4~N), 127.2 (*[C]{.ul}*~6~H~2~), 126.4 (*[C]{.ul}*~6~H~2~), 125.3 (*[C]{.ul}*~6~H~2~), 123.4 (2*[C]{.ul}*~5~H~4~N), 122.4 (2*[C]{.ul}*~5~H~4~N), 121.8 (*[C]{.ul}*~6~H~2~), 62.8 (*[C]{.ul}*H~2~), 59.1 (2*[C]{.ul}*H~2~), 57.19 (*[C]{.ul}*H~2~), 33.9 (*[C]{.ul}*(CH~3~)~3~), 31.6 (C(*[C]{.ul}*H~3~)~3~). IR data (KBr pellet) (cm^--1^): 3395 (w), 3053 (w), 3011 (m), 2960 (m), 2865 (w), 2566 (w), 1675 (s), 1652 (w), 1591 (m), 1570 (w) 1480 (s), 1433 (m), 1395 (w), 1378 (w), 1363 (w), 1292 (w), 1268 (w), 1218 (m), 1149 (w), 1116 (w), 1090 (w), 1048 (w), 999 (w), 980 (w), 893 (w), 824 (w), 754 (s), 606 (w), 571 (w). HRMS (ES) *m*/*z*: 392.2326 \[M + H\]^+^, calcd, 392.2333.

Synthesis of 2-{\[Bis(2-methylpyridyl)amino\]methyl}-6-{\[((1-methylimidazol-2-yl)methyl)(2-pyridylmethyl)amino\]methyl}-4-*t*-butylphenol (**2**) {#sec4-5}
--------------------------------------------------------------------------------------------------------------------------------------------------

To a solution of 2-{\[bis(2-methylpyridyl)amino\]methyl}-6-(hydroxymethyl)-4-*t*-butylphenol (**1b**) (2.83 g, 7.23 mmol) in CH~2~Cl~2~ (ca. 30 mL), a solution of SOCl~2~ (1.72 g, 14.4 mmol) in CH~2~Cl~2~ (ca. 10 mL) was added dropwise, resulting in a bright yellow solution that was stirred for 6 h at room temperature. The volatiles were then removed under vacuum to give a residue, which was further washed with hexane (ca. 3 × 20 mL) and CH~2~Cl~2~ (ca. 3 × 20 mL) and dried under a reduced pressure to get a white solid. The resultant solid was dissolved in MeOH (ca. 20 mL) and added dropwise to a solution of (1-methylimidazol-2-ylmethyl)(pyrid-2-ylmethyl)-amine (1.46 g, 7.22 mmol) and NEt~3~ (1.10 g, 10.8 mmol) in MeOH (ca. 20 mL). The reaction mixture was stirred for another 24 h at room temperature. The volatiles were evaporated, and the residue was redissolved in KH~2~PO~4~ buffer (ca. 50 mL, pH 7, 0.1 M). The aqueous medium was extracted with CH~2~Cl~2~ (ca. 3 × 30 mL), dried over anhydrous Na~2~SO~4~, and filtered, and the volatiles were removed under vacuum to give the crude product. The crude product was further purified by column chromatography over silica gel as a stationary phase by elution with the CH~2~Cl~2~/MeOH (1:1 v/v) mixed medium to yield product **2** as a yellow solid (1.04 g, 25%). ^1^H NMR (CDCl~3~, 500 MHz, 25 °C): δ 8.52 (br, 3C~5~*[H]{.ul}*~4~N), 7.60 (t, 2H, ^3^*J*~HH~ = 8, ^4^*J*~HH~ = 2 Hz, 2C~5~*[H]{.ul}*~4~N), 7.58 (t, 1H, ^3^*J*~HH~ = 8, ^4^*J*~HH~ = 2 Hz, C~5~*[H]{.ul}*~4~N), 7.50 (d, 2H, ^3^*J*~HH~ = 8 Hz, 2C~5~*[H]{.ul}*~4~N), 7.33 (d, 1H, ^3^*J*~HH~ = 8 Hz, C~5~*[H]{.ul}*~4~N), 7.20 (d, 1H, ^4^*J*~HH~ = 2 Hz, C~6~*[H]{.ul}*~2~), 7.14--7.09 (m, 4H, 3C~5~*[H]{.ul}*~4~N and C~6~*[H]{.ul}*~2~), 6.85 (d, 1H, ^3^*J*~HH~ = 2 Hz, C~3~*[H]{.ul}*~2~N~2~), 6.67 (d, 1H, ^3^*J*~HH~ = 2 Hz, C~3~*[H]{.ul}*~2~N~2~), 3.88 (s, 4H, 2C*[H]{.ul}*~2~), 3.84 (s, 2H, C*[H]{.ul}*~2~), 3.80 (s, 2H, C*[H]{.ul}*~2~), 3.75 (s, 2H, C*[H]{.ul}*~2~), 3.73 (s, 2H, C*[H]{.ul}*~2~), 3.32 (s, 3H, C*[H]{.ul}*~3~), 1.23 (s, 9H, C(C*[H]{.ul}*~3~)~3~). ^13^C{^1^H} NMR (CDCl~3~, 125 MHz, 25 °C): δ 158.9 (3*[C]{.ul}*~5~H~4~N), 153.5 (*[C]{.ul}*~6~H~2~), 148.8 (2*[C]{.ul}*~5~H~4~N), 148.6 (*[C]{.ul}*~5~H~4~N), 145.1 (*[C]{.ul}*~3~H~2~N~2~), 140.7 (*[C]{.ul}*~6~H~2~), 136.5 (2*[C]{.ul}*~5~H~4~N), 136.3 (*[C]{.ul}*~5~H~4~N), 126.9 (2*[C]{.ul}*~5~H~4~N), 126.6 (*[C]{.ul}*~6~H~2~), 126.2 (*[C]{.ul}*~6~H~2~), 123.3 (*[C]{.ul}*~6~H~2~), 123.1 (2*[C]{.ul}*~5~H~4~N), 123.1 (*[C]{.ul}*~5~H~4~N), 122.7 (*[C]{.ul}*~6~H~2~), 121.9 (*[C]{.ul}*~5~H~4~N), 121.8 (*[C]{.ul}*~3~H~2~N~2~), 121.4 (*[C]{.ul}*~3~H~2~N~2~), 59.5 (2*[C]{.ul}*H~2~), 59.3 (*[C]{.ul}*H~2~), 55.4 (*[C]{.ul}*H~2~), 54.7 (*[C]{.ul}*H~2~), 49.9 (*[C]{.ul}*H~2~), 33.8 (N*[C]{.ul}*H~3~), 33.4 (*[C]{.ul}*(CH~3~)~3~), 31.5 (C(*[C]{.ul}*H~3~)~3~). IR data (KBr pellet) (cm^--1^): 3454 (w), 3052 (w), 3009 (m), 2956 (m), 2860 (w), 1773 (w), 1590 (s), 1570 (w) 1483 (s), 1434 (m), 1362 (m), 1378 (w), 1301 (w), 1214 (m), 1148 (w), 1116 (m), 1048 (w), 995 (w), 976 (w), 872 (w), 820 (w), 758 (s). HRMS (ES) *m*/*z*: 576.3443 \[M + H\]^+^, calcd, 576.3445. Anal. Calcd for C~35~H~41~N~7~O·H~2~O: C, 70.80; H, 7.30; N, 16.51. Found: C, 69.93; H, 6.91; N, 15.56%.

Synthesis of {L\[Zn^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ (**3a**) {#sec4-6}
---------------------------------------------------------------

A solution of 2-{\[bis(2-methylpyridyl)amino\]methyl}-6-{\[((1-methylimidazol-2-yl)methyl)(2-pyridylmethyl)amino\]methyl}-4-*t*-butylphenol (**2**) (0.150 g, 0.260 mmol) in MeOH (ca. 15 mL) was treated with a solution of Fe(ClO~4~)~3~·*X*H~2~O (0.092 g, 0.259 mmol) in MeOH (ca. 5 mL), resulting in a dark blue solution, to which a solution of Zn(ClO~4~)~2~·6H~2~O (0.097 g, 0.260 mmol) in MeOH (ca. 5 mL) was subsequently added, followed by addition of a solution of NaOAc·3H~2~O (0.071 g, 0.521 mmol) in MeOH (ca. 5 mL). The resulting solution was stirred for 10 min at 40 °C. Upon cooling to room temperature, the formation of a blue precipitate was observed. The precipitate was isolated by filtration to get product **3a** as a dark blue solid (0.140 g, 53%). IR data (KBr pellet) (cm^--1^): 3436 (m), 2958 (m), 1606 (s), 1481 (w), 1419 (m), 1219 (w), 1093 (s), 1024 (w), 831 (w), 767 (w), 623 (w). HRMS (ES) *m*/*z*: 406.1093 \[M -- 2ClO~4~\]^2+^, calcd, 406.1096. Anal. calcd for C~39~H~46~FeZnCl~2~N~7~O~13~·H~2~O: C, 45.44; H, 4.69; N, 9.51. Found: C, 45.05; H, 4.74; N, 9.63%.

Synthesis of \[{L\[Ni^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ (**3b**) {#sec4-7}
-----------------------------------------------------------------

A solution of 2-{\[bis(2-methylpyridyl)amino\]methyl}-6-{\[((1-methylimidazol-2-yl)methyl)(2-pyridylmethyl)amino\]methyl}-4-*t*-butylphenol (**2**) (0.150 g, 0.260 mmol) in MeOH (ca. 15 mL) was treated with a solution of Fe(ClO~4~)~3~·*X*H~2~O (0.092 g, 0.259 mmol) in MeOH (ca. 5 mL), resulting in a dark blue solution, to which a solution of Ni(ClO~4~)~2~·6H~2~O (0.095 g, 0.259 mmol) in MeOH (ca. 5 mL) was subsequently added, followed by addition of a solution of NaOAc·3H~2~O (0.071 g, 0.521 mmol) in MeOH (ca. 5 mL). The resulting solution was stirred for 10 min at 40 °C. Upon cooling to room temperature, the formation of a blue precipitate was observed. The precipitate was isolated by filtration to get product **3b** as a dark gray solid (0.089 g, 34%). IR data (KBr pellet) (cm^--1^): 3431 (m), 2957 (m), 2865 (w), 1606 (s), 1481 (w), 1412 (m), 1218 (w), 1095 (s), 1024 (w), 831 (w), 768 (w), 623 (w). HRMS (ES) *m*/*z*: 403.1125 \[M -- 2ClO~4~\]^2+^, calcd, 403.1127. Anal. calcd for C~39~H~46~FeNiCl~2~N~7~O~13~·2H~2~O: C, 44.94; H, 4.84; N, 9.41. Found: C, 45.30; H, 4.54; N, 9.65%.

Synthesis of {L\[Co^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ (**4a**) {#sec4-8}
---------------------------------------------------------------

A solution of 2-{\[bis(2-methylpyridyl)amino\]methyl}-6-{\[((1-methylimidazol-2-yl)methyl)(2-pyridylmethyl)amino\]methyl}-4-*t*-butylphenol (**2**) (0.159 g, 0.276 mmol) in MeOH (ca. 15 mL) was treated with a solution of Fe(ClO~4~)~3~·*X*H~2~O (0.098 g, 0.276 mmol) in MeOH (ca. 5 mL), resulting in a dark blue solution, to which a solution of Co(OAc)~2~·4H~2~O (0.069 g, 0.276 mmol) in MeOH (ca. 5 mL) was subsequently added, followed by addition of a solution of NaOAc·3H~2~O (0.075 g, 0.553 mmol) in MeOH (ca. 5 mL). The resulting solution was stirred for 10 min at 40 °C. Upon cooling to room temperature, the formation of a gray precipitate was observed. The precipitate was isolated by filtration to get product **4a** as a dark gray solid (0.088 g, 34%). IR data (KBr pellet) (cm^--1^): 3432 (m), 2960 (m), 2854 (m), 1606 (s), 1412 (w), 1384 (m), 1218 (w), 1094 (s), 1023 (w), 880 (w), 768 (w), 623 (w). HRMS (ES) *m*/*z*: 403.6116 \[M -- 2ClO~4~\]^2+^, calcd, 403.6116. Anal. calcd, for C~39~H~46~FeCoCl~2~N~7~O~13~·2H~2~O: C, 44.93; H, 4.83; N, 9.40. Found: C, 45.23; H, 4.56; N, 9.11%.

Synthesis of {L\[Cu^II^(μ-OAc)~2~Fe^III^\]}(ClO~4~)~2~ (**4b**) {#sec4-9}
---------------------------------------------------------------

A solution of 2-{\[bis(2-methylpyridyl)amino\]methyl}-6-{\[((1-methylimidazol-2-yl)methyl)(2-pyridylmethyl)amino\]methyl}-4-*t*-butylphenol (**2**) (0.150 g, 0.260 mmol) in MeOH (ca. 15 mL) was treated with a solution of Fe(ClO~4~)~3~·*X*H~2~O (0.092 g, 0.259 mmol) in MeOH (ca. 5 mL), resulting in a dark blue solution. A solution of Cu(OAc)~2~·H~2~O (0.052 g, 0.260 mmol) in MeOH (ca. 5 mL) was added to the reaction mixture, followed by addition of a solution of NaOAc·3H~2~O (0.071 g, 0.521 mmol) in MeOH (ca. 5 mL). The resulting solution was stirred for 10 min at 40 °C. Upon cooling to room temperature, the formation of a gray precipitate was observed. The precipitate was isolated by filtration to yield product **4b** as a dark gray solid (0.085 g, 32%). IR data (KBr pellet) (cm^--1^): 3443 (m), 2960 (m), 1622 (m), 1609 (s), 1428 (w), 1313 (m), 1218 (w), 1090 (s), 1024 (w), 830 (w), 764 (w), 623 (w). HRMS (ES) *m*/*z*: 405.6098 \[M -- 2ClO~4~\]^2+^, calcd, 405.6098. Anal. calcd for C~39~H~46~FeCuCl~2~N~7~O~13~·2H~2~O: C, 44.73; H, 4.81; N, 9.36. Found: C, 44.42; H, 4.76; N, 9.17%.

General Procedure for ICPAES {#sec4-10}
----------------------------

For inductively coupled plasma atomic emission spectroscopy (ICPAES), 2.5 mg of the **3**(**a--b**) and **4**(**a--b**) complexes were dissolved in ca. 5 mL of aqua regia and diluted to ca. 25 mL using distilled water, and the data were collected using ICPAES.

General Procedure for Spectrophotometric Titration {#sec4-11}
--------------------------------------------------

A 6.0 × 10^--4^ M solution of the **3**(**a--b**) and **4**(**a--b**) complexes in CH~3~CN/H~2~O (v/v 1:1) having the ionic strength of 0.1 M KCl was titrated with 0.1 M NaOH solution, and a change in the position of λ~max~ was observed at the pH range of ca. 5.50--7.60.

General Procedure for Phosphoester Hydrolysis {#sec4-12}
---------------------------------------------

By using a UV 3600 Shimadzu spectrophotometer, the increase in the concentration of the product 2,4-DNP was monitored at 25 °C by UV--vis spectroscopy at 400 nm in quartz cuvettes. The kinetics measurements were done in CH~3~CN/H~2~O (v/v 1:1). For the study of pH dependence, the substrate and complex concentrations were 0.002 and 3.75 × 10^--4^ M, respectively, and the ionic strength and pH were kept constant by using total concentrations of 0.1 M NaClO~4~ and 0.05 M buffer 2-(*N*-morpholino)ethanesulfonic acid (MES, pH 5.5--6.5), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.0--8.0), *N*-cyclohexyl-2-aminoethanesulfonic acid (CHES, pH 8.5--9.0), and *N*-cyclohexyl-3-aminopropanesulfonic acid (CAPS, pH 9.5--10.5). The pH value of the buffer was adjusted in standard solutions using a calibrated pH meter. Each cuvette was prepared by the successive addition of 1062.5 μL of CH~3~CN, 62.5 μL of 0.080 M standard solution of 2,4-BDNPP in CH~3~CN/H~2~O (v/v 1:1), and 1250 μL of 0.1 M buffer solution containing 0.2 M NaClO~4~. After mixing, the background absorption was measured. Then, 125 μL of 0.0075 M standard solution of complex (**3a**/**3b**/**4a**/**4b**) in CH~3~CN was added, and the increase in absorption over time was measured at 400 nm. The initial rates were calculated by fitting a linear line to the curve corresponding to absorbance \<5%. The total concentration of 2,4-dinitrophenol (2,4-DNP) from the absorption of the 2,4-dinitrophenolate (2,4-DNP^−^) anion at 400 nm was calculated from the molar extinction coefficient (ε) of 2,4-DNP anion (12 100 M^--1^ cm^--1^).

For the study of dependence of the substrate concentration on the initial rate, varying volumes of a stock solution of 2,4-BDNPP (0.080 M) were added to the cuvette to give a total concentration of 0.5, 1.0, 2.0, 3.0, and 4.0 mM while the complex concentration was kept constant at 0.05 mM. Kinetic measurements were done using the Michaelis--Menten equation, and the results were evaluated from the Lineweaver--Burk plots.

Mass Spectrometry {#sec4-13}
-----------------

### General Procedure {#sec4-13-1}

The molecular weight of the monoaquated and dihydroxo species, {L\[(H~2~O)M^II^(μ-OH)Fe^III^(OH)\]}^2+^, (**3aC**), (**3bC**), (**4aC**), and (**4bC**), the trihydroxo species, {L\[(HO)M^II^(μ-OH)Fe^III^(OH)\]}^+^, (**3aD**), (**3bD**), (**4aD**), and (**4bD**), and the metal-bound 2,4-BDNPP species {L\[M^II^(μ-OH)(μ-RPO~4~)Fe^III^\]}^+^, (**3aF**), (**3bF**), (**4aF**), and (**4bF**) of the proposed mechanistic cycle were characterized by direct-injection ESIMS (DIESIMS) studies performed on a Bruker maxis impact mass spectrometer. The measurements were obtained in positive-ion detection modes on an ion trap mass spectrometer with an ESI source.

### General Procedure for the Direct Ionization ESIMS Detection of (**3aC**), (**3bC**), (**4aC**), (**4bC**), (**3aD**), (**3bD**), (**4aD**), and (**4bD**) {#sec4-13-2}

The **3**(**a--b**) and **4**(**a--b**) complexes were dissolved in the CH~3~CN/H~2~O (v/v 1:1) mixed medium (ca. 1 mL) at room temperature and was further diluted with CH~3~CN/H~2~O (v/v 1:1) (ca. 5 mL). An aliquot of the sample solution was directly injected into an ESI mass spectrometer to obtain the mass spectrometric data.

### General Procedure for the Direct Ionization ESIMS Detection of (**3aF**), (**3bF**), (**4aF**), and (**4bF**) {#sec4-13-3}

The data were collected under kinetic conditions. Each vial was prepared by the successive addition of 1062.5 μL of CH~3~CN, 62.5 μL of 0.080 M standard solution of 2,4-BDNPP in CH~3~CN/H~2~O (v/v 1:1), 1250 μL of 0.1 M buffer solution containing 0.2 M NaClO~4~ (pH = 6.5), and 125 μL of 0.0075 M standard solution of complex (**3a**/**3b**/**4a**/**4b**) in CH~3~CN. The reaction mixture was then diluted with CH~3~CN/H~2~O (v/v 1:1) (ca. 5 mL), and an aliquot of the sample solution was directly injected into an ESI mass spectrometer to obtain the mass spectrometric data.
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